With the increasing demand for advanced energy storage, redox flow batteries (RFBs) are a rapidly growing market and research area. Carbon fibre based materials like graphite felts (GFs) are commonly used in RFBs as electrodes due to their electrochemical activity, high permeability for liquids, high surface area and relatively low cost. Previous characterisation of GFs has involved flow systems, which can be complicated to replicate and expensive. Using pre-treatment techniques to ensure sufficient wetting, GFs can be used effectively in quiescent electrochemistry. By combining the experimental voltammograms with digital simulations, key properties such as capacitance, electrode kinetics, average pore size and electrochemical surface area can be determined. This allows for the rapid and low cost examination of multiple GFs and pre-treatment methods, providing a useful tool for RFB development. In addition, the GF electrodes used in the study show promising limit of detection values, with initial experiments suggesting these electrodes may have applications in electroanalysis.
Introduction
Graphite felts (GFs) are the electrode material of choice for redox flow batteries (RFBs) [1] [2] [3] [4] . These materials remain more popular than other carbon based materials, such as carbon paper, a result of their favourable liquid permeability and high surface area [5] [6] . Due to the popularity of these materials and the rapidly growing RFB market, a large amount of research has been conducted on their physical and electrochemical properties, where the main objective is to improve cell performance, i.e. obtain higher current densities whilst maintaining the required operating efficiency. A common objective of GF research has been the measurement of mass transport coefficients in miniaturized flow cells [7] [8] [9] . Although these experiments provide useful property data, they can be difficult to set up and require specialized/bespoke equipment. In an attempt to simplify experimental requirements, some researchers have made stationary electrodes from graphite felts and studied the material with classical 3 electrode cyclic voltammetry [10] [11] [12] . However, as Figure 1 shows, many GFs are hydrophobic and difficult to wet. The apparent high contact angle suggests a quasi-super-hydrophobic surface, similar to that reported by Banks et al. for graphene foam [13] . As a result, the amount of the interior surface in contact with electrolyte is difficult to control and can generate misleading results, especially if electrodes of different surface wettability are being compared.
This paper reports the development of an elegant technique that allows GFs to be used as electrodes in quiescent voltammetry experiments. This involves a felt pre-treatment to allow for homogeneous wetting through the GF sample, followed by cyclic voltammetry in a redox system of interest. Using simple voltammetric techniques combined with a commercially available simulation package, key properties such as capacitance, electrode kinetics, average pore size and electrochemical surface area can be determined. This is of particular interest for examining multiple or modified GFs quickly, without the need for a complicated experimental set up. The developments reported in this paper pave the way for the rapid screening of electrode materials and electrode treatments for redox flow batteries and other applications. Furthermore, the GF electrodes used in this study show promising voltammetry at very low concentrations of redox species suggesting possible applications in electroanalysis.
Experimental Methods
All chemicals were used as received from Sigma Aldrich without further purification unless stated otherwise. Solutions of ferricyanide with KNO3 supporting electrolyte, ferrocyanide with KCl supporting electrolyte and vanadium(V)oxide in sulphuric acid were prepared using ultrapure water (18 M cm -1 , Milli-Q®). Non-aqueous solutions of ferrocene with tetrabutylammonium perchlorate (TBAP) in acetonitrile were also prepared. Two potentiostats were used for electrochemical experimentation, a Metrohm Autolab PGSTAT 128N potentiostat and a CH Instruments 1100B potentiostat. Solution resistance was measured and compensated for via an in-built method on the CH instruments potentiostat and a manual, stepped-increase method on the Autolab potentiostat.
A standard three electrode configuration was employed for all electrochemical measurements. Three 3 mm diameter carbon electrodes (IJ Cambria Scientific Ltd); edge plane pyrolytic graphite (EPPG), basal plane pyrolytic graphite (BPPG) and plastic formed carbon (PFC), were used to determine electrochemical parameters of the electrolyte solutions. The BPPG electrode was prepared by polishing the electrode with a 1 µm polycrystalline diamond suspension (Buehler) on a silk-type cloth pad (Kemet International) before washing the surface in ultrapure water and briefly sonicating. The electrode surface was then refreshed by removing excess graphite with sellotape. This was repeated multiple times before washing the electrode in acetone to remove any residue. The PFC and EPPG electrodes were prepared by polishing with diamond slurries of decreasing particle size (9 µm, 3 µm and 1 µm) on a silk-type cloth pad before washing the surface in ultrapure water and briefly sonicating. A bright platinum wire with attached platinum wire mesh (Metrohm UK) was used as the counter electrode and a saturated calomel electrode (IJ Cambria Scientific Ltd) was used as the reference. In non-aqueous solutions a double junction (IJ Cambria Scientific Ltd) was used to reduce contamination of the reference.
The GF used was GFD 2.5, a commercially available felt supplied by SGL Group, with a nominal thickness of 2.8 mm (measured under a slight compressive force) [14] . A 1 cm 2 piece of GF was cut from a clean roll of the felt using a bespoke 'cookie cutter' tool. After weighing the GF using a 4 point balance (Sartorius, TE214S), a 0.5 mm (diameter) platinum wire 'fish hook' was passed through the felt to secure it and provide a good electrical connection to the whole of the felt piece. This is shown in the photographs in Figure 2 . In all of the redox solutions, cyclic voltammetry was also conducted with the bare platinum fish hook submerged in solution. The size of the voltammetric signal from the platinum wire fish hook was negligible compared to the signal from the GF electrode.
Due to the hydrophobic nature of the carbon fibre surfaces and the small average pore size of the felt, it was very difficult to remove all the trapped air from within the felt using only aqueous solutions (this was necessary to make sure all the electrode surface was in contact with the electrolyte). Consequently, for measurements in aqueous solutions an electrode wetting procedure was developed. The GF electrode was initially washed in ethanol before being rinsed with ultrapure water. It was then agitated in a sacrificial sample of the electrochemical solution before being transferred to the electrochemical cell. This ensured full wetting of the interior surface of the GF with the redox solution under investigation. Other methods of electrode wetting were investigated. These included sonication in the aqueous electrolyte, the use of a bespoke flow cell and washing with the aqueous electrolyte (with a laboratory wash bottle). However, it was found that without an initial wash in a non-aqueous solvent it was very difficult to remove all the trapped air from within the felt, which lead to reduced voltammetric signals and poor repeatability. A pre-wash with a water miscible non-aqueous solvent (i.e. ethanol or acetone) was found to be the best method for removing the trapped air within the felt (before performing experiments with an aqueous electrolyte). In non-aqueous solutions the ethanol pre-washing step was not required and the GF was simply agitated in a sacrificial sample of the electrochemical solution before immersion into the redox solution.
The large surface area of the GF electrodes (~60 cm 2 per electrode) resulted in currents of magnitude ~10 mA when solutions of mM concentrations of redox species were used. This caused distortions in the voltammetry due to uncompensated solution resistance. Two methods were used to correct for this. In some cases the "IR-compensation" feature in the potentiostat was used to automatically compensate the potential signal for solution resistance (where I is the current and R is the solution resistance between the reference and working electrodes). In other cases the concentration of redox species was reduced 10-100 times to decrease the current magnitude and eliminate the requirement for IR-compensation (i.e. the value of IR became insignificant). More details are given in the Supporting Information.
The electrochemical simulation software employed was DigiElch (v7.FD) from ElchSoft, Germany. SEM (Quanta 250 FEG, FEI) was used to determine the diameter of the fibres within the carbon felt. The fibres were found to have an average diameter of 8 µm from a range of measurements. Typical SEM images are shown in Figure 3 for a range of magnifications.
The "smooth" surface area of the felt can be estimated by approximating the felt as one cylindrical carbon fibre. The mass of the felt electrode, m, can be used to determine the total volume of the carbon fibres, Vcf, via the simple density relationship:
Where cf is the density of carbon fibres and is generally considered to be around 1.8 g cm -3 [15] . The equivalent length of the carbon fibre, Lcf, is then deduced using the equation for the volume of a cylinder:
Where r is the radius of the carbon fibres in the felt, determined to be 4 µm for the particular felt used in this investigation. The surface area of the fibre (and hence the whole electrode), Acf, is then determined using:
The average pore size within the felt proved to be a difficult quantity to measure. Initially, fifty SEM images were analysed using the method reported for carbon fibre papers in [16] . Unfortunately, the 3-dimensional structure of the GF samples resulted in meaningless results from the image analysis (the method works well for carbon papers, which are considered to possess a 2-dimensional structure). Mercury porosimetry and BET were also unable to give meaningful pore size distribution data for this material. Therefore, a conceptual approach to estimate the average pore radius was developed.
The square unit cell model in figure 4(a) represents an idealized view of the GF structure and provides an estimation of the average distance between fibres, which can be used to approximate the average pore size. For the cubic unit cell to be representative of the material, the area of the empty space, divided by the area of the unit cell should equal the porosity, of the felt,:
Where x is the dimension of the unit cell, as labelled in Figure 4 . The porosity of the felt can be determined using the total volume of the felt, VTot, and the equation:
The shortest fibre surface to fibre surface distance, d, is then simply given by:
where the parameters r, m, VTot and cf are all known.
In terms of evaluating a pore radius, Rp, to compare with experimental results and subsequent model, an approximation is shown in Figure 4 (b), where four unit cells are drawn together. In this case, Rp resembles the pore radius and is given by:
In the case of a hexagonally packed unit cell, the equation for Rp is also given by equation 7.
Simulations
Simulations were used in combination with experimental GF voltammograms to extract electrochemical and physical properties of the GF electrodes. The following section describes the model used to simulate the cyclic voltammetry of GF (and other porous) electrodes.
Consider the schematic diagram in Figure 5 . The porous GF electrode can be approximated as an ensemble of pores that mimic tube electrodes, with the interior surface being the active area. Each pore of radius Rp and length L can be approximated as two parallel plate electrodes separated by a distance 2Rp where the area of each plate is (2Rp)L/2. Note that for planar diffusion where the pore radius is comfortably greater than the diffusion layer thickness, the voltammetric response of the tube and parallel plates should be the same (assuming planar diffusion). However, as Rp becomes similar to the diffusion layer thickness and the depletion zone extends into the pore, the voltammetric signals for the two electrodes will start to differ as the parallel plates have an enclosed
L/2, whereas the tube has an enclosed electrolyte volume of (2Rp) 2 L/4. This represents a source of error in the simulation approach but is acceptable as a first attempt, allowing the use of commercially available cyclic voltammetry software. Due to a region of zero flux between the parallel electrodes in Figure 5 , the situation can be considered as, and is mathematically identical to, the situation where an insulating plate is placed above an electrode at a height of Rp [17] . In this situation the total area of the parallel plate electrodes is equal to the area of the single plate electrode in the plate-insulator model. The cyclic voltammetry of the latter can be simulated with commercially available software, such as DigiElch or DigiSim [18] , using the finite diffusion package intended for thin layer voltammetry [19] . In the final step of the model, the whole porous electrode is approximated as a plate electrode, separated from an insulating plate by a distance of Rp.
In the following description, the redox system is a simple one electron reduction of species A to B: The objective of the simulation method is to determine the two unknowns of electrochemical surface area and average pore size from the experimental cyclic voltammetry response of the porous electrode. Consider the example where the porous electrode can be described as the plate electrode in Figure 5 with a surface area of 10 cm 2 and a pore radius, Rp, of 30 µm. . At low scan rates, thin layer voltammetry is observed, with well-defined forward and reverse peaks with almost identical peak potentials [19] . As the scan rate increases, the mass transport changes to semi-infinite diffusion and "classically shaped" voltammograms are observed. The transition from thin layer to semi-infinite diffusion voltammetry can be seen in plots of cathodic peak current, Ip c vs. scan rate, v, and Ip c vs. v 0.5 (see the Supporting Information). The changing shape of the voltammograms and Ip c -v relationship is predominantly affected by diffusion layer overlap. At low scan rates, the diffusion layer thickness is larger than Rp, leading to heavily overlapping diffusion layers within the pore and consequently thin layer voltammetry. At the highest scan rates the diffusion layer is comfortably smaller than Rp leading to little or no diffusion layer overlap and voltammetry where mass transport is described by semi-infinite diffusion. Compton and co-workers have previously shown diffusion layer overlap can be used to determine the size of individual electrodes in microelectrode arrays and the size of blocking particles on electrode surfaces [20] [21] [22] [23] [24] . Using the same principle, diffusion layer overlap can be used to determine the size of pores in porous electrodes. A direct method is to compare simulated voltammograms with experimental voltammograms and vary the parameters to find the best fit. However, a more elegant and relatively faster method is now described.
Imagine the voltammograms in Figure 6 are actually real experimental voltammograms for a GF electrode of unknown surface area and average pore size. . For example, in the case of Rp = 10 µm and v = 0.1 V s -1 the simulated peak cathodic current is 0.092 mA. The corresponding experimental voltammogram is Figure 6 (b). Dividing the experimental peak current (2.14 mA) by 0.092 mA gives the number 23.3. Therefore, if the porous electrode had an average pore radius size of 10 µm, it would require a total surface area of 23.3 cm 2 to generate a peak current of 2.14 mA at 0.1 V s -1 in the given redox system. Using this approach, a plot of equivalent area vs. pore size can be produced for each scan rate, as shown by the curves in Figure 7 , each curve corresponding to a different scan rate. At high values of Rp, diffusion layer overlap does not occur. In this case mass transport is described by semi-infinite diffusion and the peak current is independent of pore size, so a horizontal line is observed in the equivalent area vs. pore size plot. As the pore size decreases, a transition to finite diffusion occurs, resulting in increasing amounts of diffusion layer overlap. The equivalent area increases as the peak currents are smaller than those obtained under semi-infinite diffusion. Because scan rate directly affects diffusion layer thickness, the equivalent area vs. pore size plots change with scan rate. As such, the surface area and average pore size of the experimental electrode are determined by where the curves intersect in Figure 7 . This is the only point unique to all scan rates for the individual felt employed as the electrode, in this case 10 cm 2 and 30 µm respectively. Thus, using a simple approximation for pores and a rapid simulation method in commercially available software, estimates for the electrode surface area and average pore size can be determined from cyclic voltammetry experiments with a known redox couple.
Results and Discussion
The cyclic voltammetry of four redox systems were studied: ferricyanide in 0.1 M KNO3; ferrocyanide in 1 M KCl(aq), vanadium(V) oxide in 4 M H2SO4(aq) and ferrocene in 0.1 M TBAP / acetonitrile. By comparing the voltammograms from experiments using 3 mm carbon electrodes (EPPG, BPPG and PFCE) with simulations produced using the DigiElch software; it was possible to determine both D and k o for each redox system studied. Values for both D and k o were obtained for a range of scan rates between 10 mV s -1 and 1 V s -1
. Average values are given in Table 1 and compare well with values previously reported (the values of k o for the GF electrodes in Table 1 are discussed later) [25] [26] [27] . Figure 8(b) illustrates the corresponding voltammogram for a graphite felt electrode under the same conditions but where the ferricyanide concentration is 0.1 mM. The lower concentration was used to avoid the requirement for IR compensation (see the Supporting Information for more details). There are two main differences between the felt and disc voltammetry. First, the currents recorded with the felt electrode are much higher in magnitude than for the traditional carbon disc electrodes. This is to be expected as the surface area is much larger for the felt electrode. Second, the peaks in the felt voltammogram are better defined, with the current almost returning to the baseline after the peak, resembling thin layer voltammetry [19] . As observed, the GF electrodes demonstrate good repeatability in terms of the shape and magnitude of the signal. This is a result of the GF preparation method, specifically the 3 step pre-wetting of the electrode. Without the pretreatment, the GF electrodes produce signals with a reduced magnitude (compared to Figure 8(c) ) and poor repeatability. Figure 8(d) illustrates a cyclic voltammogram recorded at 0.05 V s -1 in an aqueous solution of 0.1 mM ferricyanide and 0.1 M KNO3 with just the platinum wire fish hook as the working electrode (i.e. no GF). Also shown is the corresponding voltammogram for a GF electrode immersed in supporting electrolyte only. These two voltammograms show the signal observed in Figures 8(b) and (c) are predominantly due to ferricyanide redox reactions occurring on GF. On increasing the scan rate, the expected transition in voltammetry characteristics from thinlayer to semi-infinite diffusion was observed. This is discussed in more detail in the Supporting Information.
Ferricyanide Voltammetry
The simulation method described in the previous section was combined with the experimental peak currents (at multiple scan rates) and used to generate plots of equivalent surface area vs. average pore size, as shown in Figure 9 . Initially, the simulations used the D and k o values for the PFC electrode/ferricyanide system in Table 1 . This generated a similar plot to Figure 7 , and suggested the 0.5 V s -1 and 1 V s -1 experimental scans corresponded to semi-infinite diffusion mass transport (i.e. the 0.5 V s -1 and 1 V s -1 curves were horizontal at the curve crossing point). Therefore, an average k o value of 2.2 x 10 -3 cm s -1 was obtained by fitting the peak to peak separation values for the 0.5 V s -1 and 1 V s -1 GF experimental voltammograms to simulated semi-infinite diffusion cyclic voltammograms using DigiElch. This is another benefit of the simulation method -the identification of experimental data where mass transport is described by semi-infinite diffusion. Figure 9 was then generated using values of D = 7.5 x 10 -6 cm 2 s -1 and k o = 2.2 x 10 -3 cm s -1
. As observed, the curves (representing different scan rates) intersect at around 50 cm 2 and 30 µm in Figure 9 , implying these are the values of electrochemical surface area and average pore radius for the particular GF tested.
A more precise range for the cross-over region is given in Table 2 , along with the surface area calculated from the cylinder approximation and the corresponding approximate pore radius. Also given are the results for 2 other GF electrodes in the same electrolyte. It is clear from table that there is good agreement between experimentally determined and theoretically predicted surface areas, suggesting the approximations used in the model are a good first attempt at describing the complex electrode surface arrangement inside the porous electrode. Regarding the experimental pore sizes, these are similar to the theoretical pore sizes but the theoretical pore sizes tend to be consistently smaller than the experimental values. This is to be expected as the experimental result is a summation of an ensemble of pores where the larger pores have a disproportionally larger contribution to the peak current (as they have less thin layer and more semi-infinite diffusion-type voltammetry). Assuming the pore size distribution follows a Gaussian curve, the experimental result represents a pore size that is larger than the median whereas the theoretical result represents the median (or a size closer to the median if the distribution isn't symmetrical). Further work will address this issue, where the GF electrode will be modelled as an ensemble of tubular pores.
Other Redox Systems
In addition to ferricyanide, 3 other redox systems were investigated: ferrocyanide in 1 M KCl(aq); vanadium(V) oxide in 4 M H2SO4(aq); and ferrocene in 0.1 M TBAP / acetonitrile. Following the same procedure in the previous section, cyclic voltammograms were recorded with GF working electrodes at different scan rates. The results were then analysed using the simulation method discussed previously. This generated experimental values for the equivalent pore radius and surface area, which are reported in Table 2 . The voltammetry and analysis followed the same trends as shown above for the ferricyanide system and more details are provided in the Supporting Information. For all the systems there was good agreement between the experimental and theoretical surface area, generating more confidence in the simulation method (especially given the diverse selection of redox systems). As before, the experimental average pore radius values were similar to but consistently larger than their theoretical analogues.
Of particular interest was the vanadium(V) oxide redox system, described by equation 9:
This system is well known to produce poor quality voltammograms with traditional carbon disc working electrodes and offers an excellent opportunity to showcase the ability of the GF electrodes. Figure 10(a) shows the cyclic voltammogram for 1.6 mM vanadium(V) oxide in 4 M H2SO4(aq) with a PFC working electrode at 50 mV s -1 . In comparison Figure 10(b) shows the cyclic voltammogram for the same solution but with a GF electrode. The GF is clearly superior at both resolving the redox peaks and improving the profile of the voltammogram. The GF felt was also able to distinguish the redox peaks of a 32 µM solution of the vanadium(V), shown in Figure 10(c) . It was not possible to distinguish these redox peaks with the 3 carbon disc electrodes at this low concentration. Given the challenging nature of this redox system, the ability of the GF electrode to distinguish peaks at such minute concentrations is particularly impressive.
Fibre Surface Structure
The capacitance of an electrode surface can be determined via cyclic voltammetry within a potential window where no faradaic reactions occur. The experimental method is relatively straight forward and more details are given in the Supporting Information (along with experimental examples). Once the capacitance, C, of the GF electrode is determined, the specific capacitance, C o , can be evaluated by dividing the capacitance value by the total area of the electrode, these are listed in Table 3 where the theoretical surface area was used. The results provide an insight into the nature of the carbon fibre surfaces of the graphite felt. Previous studies with highly ordered pyrolytic graphite [28] , found graphite with a predominantly basal plane surface has a specific capacitance of around 1-2 µF cm -2 , whereas for edge plane surfaces the figure is a lot higher, around 70 µF cm -2 . In addition when a carbon surface is comprised of both edge and basal plane, the total specific capacitance, C o , is a weighted average of the edge and basal plane contributions:
where C o e and C o b are the specific capacitance values for the edge and basal plane surfaces, and fe is the fraction of edge plane on the graphite surface.
The results from Table 3 indicate the average specific capacitance of the GF electrode is relatively low, around 10 F cm -2 over the four systems studied in this work. Using equation 10 and values of 70 F cm -2 and 1 F cm -2 for C o e and C o b, respectively, this corresponds to an approximate basal/edge ratio of 87/13 (i.e. 87% basal plane, 13% edge plane) and suggests that basal plane carbon is the dominant surface structure in the GFs studied in this work. This agrees well with the 'onion ring' structure observed in highly graphitized carbon fibres derived from polyacrylonitrile [29] .
Limit of Detection
An unexpected application of this method is the ability to detect extremely low concentrations of redox active species. Figure 11 illustrates cyclic voltammograms recorded at 0.05 V s -1 in ferrocene in 0.1 M TBAP / acetonitrile solutions for the EPPG electrode and a graphite felt electrode. In the case of the EPPG electrode, the ferrocene concentration is 10 µM. At this concentration, the baseline/background signal is noticeable and encroaches on the redox signal. For this electrode, the redox signal became difficult to identify between 1 and 10 µM, in agreement with the expected limit of detection value [27] . In the case of the graphite felt voltammogram, the ferrocene concentration is 0.5 µM, 20 times lower than that in figure 11(a) (EPPG electrode). Although the background current is relatively high, the baseline is virtually horizontal and the redox signal is very prominent. Indeed, the redox signal could still be identified at 0.1 µM ferrocene (not shown). The initial studies with GF electrodes have shown very promising limits of detection; typically 10-100 times lower than the EPPG electrode. Note that traditional disc electrodes modified with porous layers have also been shown to give well defined voltammetry peaks leading to better detection limits [30] [31] [32] [33] . This has recently been simulated and explained in detail by Compton and co-workers [34] . However, the currents at these electrodes are considerably smaller than those recorded in the present study, due to the much higher surface area of a 1 cm x 1 cm section of graphite felt.
The clear signal obtained with the GF electrode at such a low concentration of redox species suggests this electrode may have promising applications in electroanalysis, with the capability to achieve lower limits of detection than present electrodes. The ability to detect low concentrations of redox species with an electrode of large surface area where mass transport is described by planar diffusion contradicts current trends in electroanalysis, where limits of detection are lowered via the use of small electrodes, and the signal to noise ratio is increased as a result of the high mass transport rates associated with micro/nano electrodes [35] [36] . There are several factors believed to allow such low concentrations to be measured with the GF electrode. First, the capacitance measurements suggest the electrode surface is largely composed of basal plane sites, suggesting similarity to a basal plane HOPG electrode. HOPG electrodes are well known to have flat or even "perfect" baselines in voltammetric signals [27] . This property helps increase the signal-to-noise ratio. Second, the heavily overlapping diffusion layers within pores lead to thin layer voltammetry characteristics, producing more clearly defined peaks. Finally, the high surface area of the felts leads to relatively large currents for a given redox species concentration. For example, a 3 mm diameter disc electrode used at 0.05 V s -1 would typically produce a faradaic current of ~10 µA for a 1 mM solution of redox species and consequently ~10 nA for a 1 µM solution. In contrast, the GF electrode area is nearly 1000 times greater (0.07 cm 2 vs 60 cm 2 ). Consequently, the reduction/oxidation faradaic currents are almost 1000 times greater with ~10 mA and ~10 µA for 1 mM and 1 µM solutions respectively. These larger currents are much easier for the potentiostat to detect and less affected by electrically noisy environments. Thus, the GF electrode represents a new approach to the challenge of limit of detection with considerable cost advantage over "small" electrodes. A follow-up publication will further explore the promising electroanalytical properties of felt electrodes, with particular focus on limit of detection.
Conclusions
The experimental method outlined in this study allows GF electrodes to be used in quiescent electrochemical experiments yielding well-defined voltammetric peak signals. When the resulting experimental voltammograms are combined with simulations, several key properties of the GF can be determined. These include the electrochemical surface area, the average pore size and the k o values for a range of redox systems. Capacitance measurements reveal the chemical nature of the carbon surface.
To fully exploit the electroanalytical applications of the GF electrodes, a more robust simulation method is required. This will involve generating a 1D model based on radial coordinates rather than the Cartesian coordinates used in the current software and modelling the GF electrode as an ensemble of tube electrodes of different radii. This will more closely match the physical properties of the GF, improving the accuracy of the simulation method and increasing confidence in the model. Even with the basic assumptions used in this paper, the electroanalytical results presented justify the use of porous carbon electrodes in quiescent electrochemistry and open up a number of further areas of work.
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